In this paper the emphasis is on accurate majority carrier concentration EC-V profiling of structures based on InP and GaAs, using a newly developed electrolyte based on HF, CH3COOH, I J -H~P O~, CgH14CIN and NH3F2. Some preliminary data on the use of this electrolyte for determining .the energy distribution of surface and deep states of these structures, applicable t o fabrication process optimization and radiation induced defects studies of solar cells, are also provided.
INTRODUCTION
For high efficiency Ill-V compound semiconductor space solar cells, InP and GaAs based materials are fabricated in a large variety of multilayer structures, grown on InP, GaAs, or inexpensive substrates such as Si or Ge. To design any 'of these structures, it is necessary t o engineer changes of semiconductor properties in the surface active layers as a function of depth. if the electrolyte and the working conditions are well chosen, electrochemical (EC) techniques represent a simple and yet accurate rrethod t o characterize InP and GaAs related structures. Various surface and bulk properties such as the diffusion length and lifetime of minority carriers and the surface recombination velocity can be determined a t any d'spth from electrochemical I-V, C-V and G-V characteristics. These characteristics can also be used for net EC-V majority carrier concentration depth profiling as well as for determining the density and energy distribution of surface states and traps as a function of depth.
EC-V profiling [ l ] is the most often used and convenient method for accurate majority carrier concentration depth profiling of semiconductors. AS seen in Table 1 , not one 01' the previously reported electrolytes recommended for EC-V profiling of InP and GaAs based structures works w i t h all materials listed in the table. The most commcn problems encountered when using these electrolytes are: (i) a poor elec trol y te/sem icond uc tor MO t t -Sc ho tt k y barrier (as w i t h AT), (ii) The electrochemical I-V, C-V, and G-V characteristics were acquired using a commercial Polaron PN 4200 profiler. The etched surfaces and craters were examined using Nomarski and SEM microscopy, a Dektak profiler, and for selected samples EDAX and XPS data. The energy distribution of surface states and traps, derived from low-frequency G-V characteristics, w a s compared w i t h that obtained from l o w temperature PLI data.
RESULTS AND DISCUSSION
A n e w electrolyte w a s developed for EC-V profiling of InP and GaAs based structures [71. The composition of the n e w electrolyte is:
A Solution A works very well w i t h InP layers. Although it works w i t h GaAs layers, the accuracy of EC-V profiles in this case is rather poor due t o a high chemical etch rate of GaAs of up t o 0.5 pmihour. Solution B works well with GaAs layers but i t cannot be used for InP layers due t o insoluble oxide formation on the etched surface. The combination solution Asolution B (1:4) can be used for EC-V profiling of InP, GaAs and InGaAs layers; however, i t causes incomplete dissolution of anodic oxides in the case of InGaAsP layers. W e have found a combination of solutions A:B:C (1 :4:1), which w e call the UNIEL electrolyte, t o be a very good choice for profiling of InP and GaAs based multi-layer structures because it avoids all of the above problems.
The UNIEL electrolyte has been tested w i t h very good results for EC-V profiling of structures made of nand p-type InP, GaAs, InGaAs and InGaAsP layers. Generally, using the UNIEL electrolyte, accurate EC-V profiles are obtained when the anodic dissolution current density is from 0.5 t o 1.5 mA/cm2. The anodic dissolution rate under these conditions is from 0 . 8 t o 1.5 pm/hour, that is much higher than the chemical etch rate, which for all tested materials is less than 0.015 pmlhour. Except for the lightly doped InGaAsP, the craters have smooth bottoms w i t h straight walls, and the calculated crater depths agree within 5 % w i t h Dektak measured values.
A n example is given here of an n+n-lnP structure grown by MOCVD on an n + +-InP substrate. From the EC dark I-V (not shown) and C-V, 11C2-V and G-V characteristics (Fig.l) , which in this case were taken at the surface of n+-lnP a t 3 kHz, one can see that the UNIEL electrolyte makes a very good Mott-Schottky contact with n+-lnP over a large bias voltage range. Also, the parasitic contributions t o the liquid junction capacitance due t o the electrolyte, surface oxide layer and surface states are negligible. Geometric considerations, required for an accurate EC-V depth profile are also m e t using the n e w electrolyte. A s seen in Fig. 2 , the etch crater, after profiling the above structure t o about 5 pm, has a smooth bottom, straight walls, and no rounding a t the crater rim. This means that the calculated depth profile shown in Fig. 3 is accurate, since, as mentioned above, the parasitic interface capacitance components are negligible. By examining (i) the dark and illuminated I-V, C-V and G-V characteristics, and (ii) the etched surface oxidation stage and stoichiometry using XPS, w e concluded that there is no significant contribution t o the semiconductor/UNIEL electrolyte interface capacitance from the surface states, surface oxide layer or the electrolyte, even for higher, defect density structures fabricated by thermal diffusion. Hence, since the geometric conditions of the' etch crater are also met, EC-V depth profiles of structures such as shown in Fig.4 Preliminary studies have shown thtat UNIEL-based electrolytes can also be used for accurate EC-V profiling of structures made of epitaxially grown Gap, AlGaP (high AI content, e.g. > 2 0 % ) , InGaSbP, as well as Ge and Si substrates. This is very important since none of the previously reported electrolytes seems t o w o r k well, especially w i t h high AI-content AlGaP and InGaSbP layers. In addition, UNIEL might be useful for EC-V profiling of thin film Ill-V semiconductor solar cell structures grown on cheaper substrates (e.g. Si or Gel.
Our preliminary w o r k has shown that for structures made of InP, GaAs, InGaAs and IiiGaAsP layers, fabricated by thermal diffusion or epitaxy, using the UNIEL electrolyte and an anodic dis:jolution current density of 0.5 t o 1.5 mA/cm2, resulted in very smooth surfaces and negligible preferential dissolution of any of the components. The resulting surfaces, after dissolution t o different depths, of samples with initially smooth surfaces are very smooth; for epitaxially grown structures which have had features grown on the surfaces, the same density and shape of these features (inside of a given layer) can be seen after anodic dissolution t o different depths. Relative EDAX and XPS data of etched surfaces have shown that no preferential dissolution of any of the componeni:s takes place. Hence, since no parasitic levels are expected (such as Vln -related parasitic levels due t o preferential dissolution of In from the InP or InGaAs surfaces which occurs w h e n using 0.5 M HCI), the UNIEL electrolyte can also be used for EC photocapacitance or photoconductance study of main defecit levels. A s an example, the position and intensity of defect levels, derived from l o w frequency (0.3 kHz) EC G-V measurements in diffused p'n (Cd,S) InP structures, after irradiation with 3 M e V protons are shown in Fig.6 .
The t w o plots were acquired after first removing about 60 nm of nonstoichiometric layer from the surface of the sample a t t w o illumination levels as :shown.
The PLI shoulder a t 1.336 eV is probably due t o exciton transitions associated w i t h the deep acceptor levels at E , + 0 . 3 8 eV or E , + 0 . 6 3 eV.
No attempts were made so far to positively identify the nature of the defects corresponding t o the defect levels suggested by the t w o techniques.
Voltage vs SCE (V) Fig.6 . Low frequency G-V characteristics 6 0 days after irradiation w i t h 1 0 l 3 cm-2 3 MeV protons of a p f n (Cd,S) InP structure. Diffusion temperature: 6 6 0 "C; Junction depth: 4.1 pm; Surface acceptor concentration: 3.6 x 1 O1 cm-2.
The position of three acceptor levels and one donor level a t E v + 0 . 1 6 eV, E v + 0 . 3 7 eV, E v + 0 . 6 3 eV and E,-0.35 eV were calculated a t the illumination level of about 20 mW/cm2. A shallow acceptor level at E , + 40 meV which w e observed prior to removing the 6 0 nm of surface layer has disappeared. eV. Since the bandgap at 5 K is 1.41 9 eV, the 1 . 3 7 8 eV PLI peak could be due t o an eo-A" transition from the conduction band to the shallow acceptor level at E v + 0 . 0 4 eV w e observed from the photoconductance measurements prior to removing the nonstoichiometric layer from the surface of the sample.
CONCLUSIONS
A new electrolyte which w e have called UNIEL, based on HF, CH3COOH, o -H~P O~, C g H I 4 C I N and NH3F2, has been developed for EC-V profiling of Ill-V compound semiconductor structures. It w a s tested with very good results on n-and p-type InP and GaAs substrates and homo-and hetero-structures made of InP, GaAs, InGaAs and InGaAsP layers. Preliminary studies have also shown that UNIEL-based electrolytes work fairly well for profiling Gap, AlGaP (high AI content) and InGaSbP epitaxial layers as well as with Si and Ge substrates.
Owing t o its etching characteristics, the UNIEL electrolyte appears t o be a good candidate for determining the energy distribution of surface and deep states of these structures, applicable t o fabrication process optimization and radiation induced defect studies of solar cells.
Even if the EC determination, contrary t o PLI, or other solid-state techniques (e.g. DLTS) is destructive it might be preferred for complex structures, since the main defect levels can in this case be recorded virtually a t any depth below the surface either inside of a given layer or at the interfaces between layers.
